Although the calculation of the ground-state and thermodynamic properties of solid C 60 have been the subject of intense research, our understanding is still based on ad hoc models that treat phenomenologically both the Coulomb and short-range part of the interaction potential between C 60 molecules. These potentials do not predict well those properties not fitted to fix the free parameters of the model, and they also do not properly represent the Coulomb interaction between molecules. To remedy this situation, here we introduce a semiempirical model in which the Coulomb interaction is treated microscopically using the local-density approximation C 60 molecular charge densities, and the short-range part of the potential is modeled phenomenologically via Lennard-Jones (LJ) 12-6 interactions between the centers, delocalized over the surfaces of C 60 molecules. The regular LJ parameters σ and ε as well as multipole moments of the interaction centers distribution were taken to reproduce the details of the observed low-temperature structure. We found that the Coulomb interaction is dominated by the charge overlap between the neighboring C 60 molecules, and is much larger than the interaction calculated using the multipole expansion of the charge densities. Contrary to common belief, this Coulomb interaction by itself does not lead to the observed low-temperature structure. However, combined with the proposed short-range interaction, it stabilizes Pa3 spatial structure with the correct setting angle. We make a comprehensive comparison between the wide range of experimental results and predictions of our, as well as previously proposed models. Our results show that the proposed model has the best overall agreement with the experimental observations in both the low-and hightemperature phases.
I. INTRODUCTION
The construction of a reliable potential for the interaction of C 60 molecules is an important, long-standing problem. Shortly after the discovery of the orientational ordering transition in solid C 60 , 1 Cheng and Klein 2 proposed to describe the intermolecular potential as a sum of Lennard-Jones 12-6 interactions between carbon atoms on different molecules. However, soon it was found 3,4 that the lowest energy crystal configuration predicted by this model did not have the symmetry observed in experiments.
Lu et al. 5 and Sprik et al. 6 have proposed two similar ways to improve the performance of this model. They suggested to augment the Lennard-Jones potential with Coulomb interactions of charges placed on ''5-6'' ͑''single''͒ and ''6-6'' ͑''double''͒ bonds or on carbon sites. This ''second generation'' of the intermolecular potentials, constructed to reproduce the experimentally observed low-temperature structure, was not successful in explaining most of the other experimental results. 7 In addition, these models are open to criticism on the theoretical grounds. In particular, Yildirim et al. 8 have shown that the ad hoc charge distributions, proposed in these models, do not agree with local-density approximation ͑LDA͒ C 60 molecular charge densities. Also, Lamoen and Michel 9 have pointed out that since a significant part of the molecular charge density is spread along intercarbon bonds, a realistic model for the intermolecular potential should include Lennard-Jones interaction centers placed on bonds in addition to carbons. In a series of papers Michel and co-workers [9] [10] [11] have introduced a multiparametric model which reproduces some of the experimental results obtained at room temperature. At the same time, no attempts were made to account for the experimental observations in the low-temperature phase. As we will show, the orientational part of Michel's potential does not reproduce very well the experimental observations in the simple cubic phase.
In addition to these ad hoc models, there were several studies of the intermolecular interactions based on ab initio techniques. 12, 13 However, in these papers the computations were performed for C 60 molecules, placed in the specific orientations, so that no information on the orientational dependence of the intermolecular interaction potentials was obtained. The complete LDA analysis of the intermolecular interactions is a very complicated task, requiring the selfconsistent treatment of a cluster of C 60 molecules. Some simplifying approaches are necessary to effectively deal with this problem. One of them, the Gordon-Kim statistical approach, uses the sum of the LDA charge densities of the isolated molecules as an approximation for the charge density in the solid. This approach, successfully utilized for carbon in graphite, 14 was applied to solid C 60 by La Rocca 15 and Yildirim. 16 While the values of the lattice constant, cohesive energy, and bulk modulus calculated within this approach 15 were in reasonable agreement with the experimental ones, the predicted details of the orientational ordering in the low-temperature phase were not. 15, 16 This result can be attributed to the fact that the Gordon-Kim approach is not successful in dealing with the short-range part of the intermolecular interaction ͑SRI͒. However, as was shown in Ref. 16 , this approach is very useful in studying the Coulomb part of the interaction, which was found to be dominated by the charge overlap between neighboring molecules and to be of crucial importance for the stabilization of the Pa3 structure at low temperatures. The demonstrated importance of the microscopic treatment of the Coulomb interaction between molecules ͑Refs. 8,16͒ as well as the necessity to find a good compromise between simple ''Lennard-Jones carbon-carbon'' 5, 6 and complete LDA approaches to the SRI motivated us to develop a new model for the intermolecular potential. In the present paper we use the previously determined molecular LDA charge densities to compute the Coulomb part of the intermolecular interaction. The SRI is represented by the Lennard-Jones 12-6 potential, acting between the centers distributed over the surface of the carbon cage. The characteristics of the Lennard-Jones potential as well as the multipole moments of the interacting centers distribution were used as adjustable parameters. This phenomenological approach to the SRI is a reasonable alternative to the complete cluster LDA calculation mentioned above. As a result we obtain a potential which, on the one hand, uses the molecular charge density obtained from a quantum-chemical calculation, and, on the other hand, has the best overall performance with respect to the experimental observations.
The present paper is organized as follows. In Sec. II we discuss some of the experimental results obtained for solid C 60 and their interpretation in terms of the intermolecular potential. Section III deals with general theoretical framework used to describe the intermolecular interactions. There we introduce our model and discuss the choice of the adjustable parameters we have made. In Sec. IV we present the mean-field stability analysis of our potential and compute the values of the local orientational order parameters at room temperature. We also present the values of the libron frequencies predicted by our model. These results are compared with the experimental data as well as with the predictions from other potentials. Section V summarizes our conclusions. Finally, in the Appendixes we present some of the technical details of our calculations.
II. EXPERIMENTAL OBSERVATIONS IN C 60 SOLIDS AND THE INTERMOLECULAR INTERACTION POTENTIAL
At TϷ260 K solid C 60 undergoes a first-order phase transition in which the icosahedral ͓point group I h ͑Ref. 17͔͒ molecules develop long-range orientational order.
1 In both the high-temperature orientationally disordered phase ͑space group Fm3m͒ and the orientationally ordered phase ͑space group Pa3) the molecular centers of mass form an fcc lattice. The molecular orientations in the Pa3 phase are obtained as follows. Consider a fiducial state in which all molecules are in standard orientation A as shown in Fig. 1 . Then each molecule is rotated through a setting angle about the local threefold axis. 18, 19 This structure has been confirmed by additional diffraction measurements. 20, 21 Subsequent to the initial observation of the phase transition, solid C 60 was the object of extensive study by various experimental techniques. Much of this body of evidence can be related to the specific features of the intermolecular interaction and thus serves to set requirements which ought to be satisfied by any prospective model. This section discusses some of the major experimental findings and their connection to the intermolecular potential.
One of the important studies of the local orientational order in the low-temperature phase of solid C 60 was performed by David and co-workers. [21] [22] [23] By analyzing the temperature evolution of the high-resolution neutron powderdiffraction profile, this group has confirmed the lowtemperature value of simple cubic lattice constant aϭ14.04 Å, measured by Heiney et al. 1 David et al. also suggested that at very low temperatures the orientation of the majority of C 60 molecules is described by the setting angle of Ϸ22°, while the minority finds itself in the orientation with the setting angle of about 82°. The energy difference between these two orientations was found to be 11 meV, 23 a value, confirmed later by Yu et al. 24 Therefore, we require that for an intermolecular potential to be acceptable, the Pa3 configuration with a setting angle of about 22°should correspond to the global minimum in the potential energy of the crystal. At the same time, changing the setting angle of one molecule from its global minimum value to the value around 82°should bring the crystal into a configuration corresponding to the local minimum of its potential energyand the energy difference between these minima should be equal to 11 meV. In addition, the equilibrium separation between the molecules in the Pa3 global minimum configuration should correspond to the experimentally obtained value of the low-temperature lattice constant.
Another feature of the intermolecular potential is usually associated with the phenomenon of orientational freezing observed at TϷ90 K. The results obtained via various experimental techniques [24] [25] [26] [27] [28] consistently point to the existence of an energetic barrier of 235-280 meV between the global minimum and the local minimum orientations of the molecule in Pa3 phase.
The experimental value of the low-temperature bulk modulus can be related to the second derivative of the potential energy of the crystal in the global minimum Pa3 configuration with respect to the lattice constant at the equilibrium separation. Ludwig et al. 29 time, Lundin and Sundqvist 30 have reported the much lower value of 10.3 GPa from measurements at 152 K. In addition, different groups report rather different results for the measurements of the bulk modulus at room temperature, e.g., 13.4 GPa, 29 6.7 GPa, 30 14.2 GPa. 31 It is clear that some additional experiments are necessary to establish the reason for the above-mentioned discrepancy.
The experimental value of cohesive energy can be associated with the value of the potential energy at equilibrium. The measurements of the cohesive energy by Kataura et al., 32 Pan et al., 33 and Abrefah et al. 34 yielded the values of E 0 to be Ϫ1.7, Ϫ1.74, Ϫ1.65 eV/molecule, respectively.
The important information on the shape of the orientational potential in the high-temperature phase is provided by the values of the local orientational order parameters ␥ l . These order parameters ͑which are dimensionless͒ are related to the thermal averages ͗U l, ͘ of the so-called molecular rotator functions U l, (␣,␤,␥): were measured at room temperature using x-ray synchrotron and neutron powder-diffraction techniques. 11, 36 The obtained order parameters for lϭ6,10,12 are presented in Table I : two values for lϭ12 correspond to two different irreducible representations of A 1g symmetry. As one can see, the values for ␥ 6 , ␥ 10 , and ␥ 12 1 coming from these two experiments, agree with each other quite well and therefore are probably more reliable than the value for ␥ 12 2 . The comparison between computed libron frequencies and the experimentally measured ones can serve as yet another test for the orientational part of the interaction potential. The librational phonon modes in C 60 single crystals were studied most extensively by Pintschovius and co-workers [37] [38] [39] and Horoyski. 40, 41 The former group has performed several studies of the phonon-dispersion curves in C 60 single crystals using inelastic neutron scattering. The initial assignment of the observed modes 37 was corrected in the later papers. 38, 39 Their measurements at TϷ80 K show the zone center librational modes at the approximate energies 2.2, 2.6, 3, and 4.3 meV. Horoyski et al. have used Fouriertransform Raman spectroscopy to perform high-resolution measurements of qϷ0 libron frequencies. The experiments were performed at 77 K, and the Raman peaks were observed at 2.23, 2.61, 3.06, 4.07, 5.16, and 6.20 meV. However, one has to exercise caution in assigning the highest energy peaks reported there to single librons rather than to ''multilibrons.'' Another important feature to keep in mind is the ''stiffening'' libron spectrum undergoes when the temperature is lowered. Since the comparison between the computed and measured librational frequencies is most direct for experimental values taken at TϷ0, one has to allow for possible corrections. In particular, the lowest energy peak 40, 41 shifts only slightly to 2.3 meV when the temperature is lowered from 77 to 10 K. At the same time, the second peak 39 shifts to Ϸ2.8 meV, and from extrapolation one can expect comparable shifts for higher peaks as well. At the same time, the experimentally observed frequencies of the translational phonon modes 39 were shown to have largely fcc-type dispersion, so that their values can be adequately explained using only the values of the lattice constant and bulk modulus. Accordingly, in this paper we only concentrate on the libron frequencies. The experimental findings mentioned above are summarized in Table I .
III. SEMI-EMPIRICAL APPROACH TO THE INTERMOLECULAR INTERACTION IN SOLID C 60
The experimental results, described in the previous section, impose numerous restrictions on theoretical models for the intermolecular interaction of fullerenes. Unfortunately, none of the interaction potential models proposed so far performs well against all these experimental benchmarks-the further analysis is given in Sec. IV. To correct this situation, we propose a model for the intermolecular interactions which combines the microscopic treatment of the Coulomb interaction between molecules with the phenomenological approach to describing the short-range part of the potential. In this section we present the general theoretical framework we use, as well as details of our approach.
A. The general expressions for the interaction of two C 60 molecules
Let us consider two molecules of icosahedral symmetry, interacting with each other in a crystal via a generalized inverse power potential with the exponent n ͑e.g., for the Coulomb interaction nϭ1 and for the Lennard-Jones 12-6 potential there will be expressions with nϭ6 and nϭ12). For simplicity we do not consider an exponential form of interaction, though similar expressions can be obtained for this case as well. Suppose that the positions of the molecular centers of mass are given by vectors d 1 and d 2 with respect to some fixed set of axes, for example, the one connected to the crystal. Let us also assume that with respect to the same set of axes the orientations of the molecules are described by Euler angles 1 ϭ(␣ 1 ,␤ 1 ,␥ 1 ) and 2 , respectively ͓͑0,0,0͒ being standard orientation A͔. Then the expression for the energy of interaction will be a linear combination of the contributions V n , each of the form
where d 12 ϭd 1 Ϫd 2 , and (r) is the interaction center density. In particular, in the case of the Lennard-Jones atomatom interaction this function is usually expressed as a sum of ␦ functions centered at the atomic sites. However, in general it can have different forms, with the icosahedral symmetry of the resulting expression being the only imposed requirement. We would like to emphasize that in solids because of the crystal-field effects the symmetry of C 60 molecules is, strictly speaking, reduced from I h to S 6 . However, this distortion is small and will be neglected in further analysis. The interaction center density function can also be expressed as (r)ϭ"R Ϫ1 ()r…, where (r) is the interaction center density of C 60 molecule in standard orientation A ͑see Fig. 1͒ , and R () is the rotation described by three Euler angles ϭ(␣,␤,␥). The function (r) transforms into itself under any operation of the icosahedral group I h . Therefore,
where T l A 1g are the symmetry-adapted rotator functions ͑SARF͒-the linear combinations of the spherical harmonics of order l belonging to the A 1g representation of the icosahedral group. SARF were introduced by James and Keenan 35 for the analysis of the orientational ordering in solid methane. Michel et al. 42 have applied them to the case of solid C 60 . The sum in Eq. ͑3͒ runs over lϭ0, 6, 10, 12, 16, 18 . . . , the values allowed by the molecular symmetry. In standard orientation A the values of the nonzero coefficients for lϭ6,10,12 are listed in Table II (a 0,0 ϭ1).
The multipole density functions l (r) describe the details of the radial distribution of the interaction centers. Then, for the rotated molecule we have
where D mn l () is a well known Wigner matrix. 43 Substituting the last expression into Eq. ͑2͒, we get 
where
and
͑7͒
Thus, the complete information about the interaction of two molecules is ''stored'' in the interaction matrix
To make use of this general expression we will separately consider Coulomb and Lennard-Jones ͑LJ͒ 12-6 interactions.
B. The Coulomb interaction between C 60 molecules
As we shall see, ''bond charge'' models 5, 6 do not properly describe the Coulomb interaction between fullerenes. 8, 16 In the present paper we have computed this interaction by using the C 60 molecular charge densities obtained from ab initio electronic wave functions. 8 We emphasize, that due to the significant overlap between the charge densities on the neighboring molecules in solids, the Coulomb interaction does not reduce itself to multipole-multipole coupling. This circumstance has important implications for the intermolecular potential. 16 In particular, because of the mentioned overlap, there is a significant contribution to the crystal-field potential, coming from the Coulomb interaction. Such a contribution involving a monopole is absent in the multipole expansion and has not been considered previously. For each molecule the Coulomb charge density naturally separates into core (ϩ4͉e͉ per carbon site͒ and valence parts. The core charge density is given by
where R 0 ϭ3.55 Å is the molecular radius and the atomic multipole moments l are found from Table III and The interaction matrix ͓which we denote as
Coulomb interaction between core charges on one molecule and the total ͑core and valence͒ charges on the neighboring molecule can be computed using two-center expansion ͑see Appendix B͒:
Here q lm are the values of the reduced multipole moments of the molecular charge distribution, tabulated in Ref. 8 , C"(l 1 ,m 1 )(l 2 ,m 2 )(l 1 ϩl 2 )… are the Clebsch-Gordan coefficients, 43 and n!! is defined as 2
ϫ͓(nϪ1)/2͔!͖ for even and odd n, respectively. For the Coulomb potential energy of two molecules, in addition to R m 1 m 2 l 1 l 2 (d) there will also be a term R m 2 m 1 l 2 l 1 (d), coming from the interaction between the core charges of the second molecule and the ''total'' charge cloud of the first one. However, to avoid double counting of the Coulomb interaction between the core charges one has to subtract this core-core term, whose interaction matrix is denoted A m 1 m 2 l 1 l 2 (d), from the final result. This term is given by
Now, let us consider the interaction between the valence electrons. At the experimentally observed separations between fullerenes in the crystal there is a significant overlap between the valence charge densities on the neighboring molecules. Therefore, the convenient two-center expansion is not applicable, and this part of the Coulomb interaction ͓denoted as B m 1 m 2 l 1 l 2 (d)͔ needs special treatment. Starting with where j l (x)ϭͱx/2J lϩ1/2 (x) is the spherical Bessel's function of order l. So,
Substituting the last expression into Eq. ͑14͒ and performing the integration over dq , one gets the final expression
This way one reduces the computation of
calculating a number of one-dimensional integrals involving
for lϭ0, 6,10,12. Thus, the total Coulomb interaction matrix,
can be written as
͑20͒
The resulting Coulomb interaction differs significantly from both the multipole-multipole interaction 8 and the Coulomb interactions from ''bond-charge'' models. To illustrate this point, we have computed the variation of the Coulomb potential energy with the setting angle in the Pa3 phase for our model as well as for the multipole-multipole interaction and for the Coulomb interaction from the model of Lu et al. 5 ͑later referred to as the LLM model͒. The results are shown in Fig. 3 . As one can see, these potentials are qualitatively different: while the LLM model predicts, that the Coulomb interaction has a local minimum at setting angle of Ϸ22°a nd a local maximum at Ϸ85°, our microscopic model states that at both setting angles the total Coulomb interaction is maximized. 16 The unrealistic nature of the Coulomb part of the LLM model is clearly seen in the following observation. At both setting angles the molecular 6-6 ͑''double''͒ bonds face the centers of the ''pentagons'' ͑setting angle of Ϸ22°) or ''hexagons'' ͑setting angle of Ϸ85°) of their nearest neighbors. Since the charge densities are very similar for ''hexagons'' and ''pentagons,'' the interaction energy should be either maximized or minimized for both setting angles and definitely not maximized for one and minimized for the other. Another interesting conclusion comes from the analysis of the curve for the multipole-multipole interaction, 8 which was computed using the same LDA charge densities we used in the present work, however, neglecting the overlap between the charges on neighboring molecules. As we see, this approach leads to a significant underestimation of the magnitude of the Coulomb interaction. In addition, neglecting the charge overlap leads to the different orientational dependence of the Coulomb part of the potential energy.
These observations show that the widely accepted assumption about the intermolecular electrostatic interactions being minimized when the 6-6 bond on one molecule faces either pentagons or hexagons on the neighboring molecules, 22, 44 is not supported by the microscopic calculation. In fact, the Coulomb interactions are maximized for these mutual orientations. However, as we will show in the next section, being combined with the proposed short-range part of the potential, the microscopic Coulomb interaction does lead to the stabilization of the Pa3 structure with the correct setting angle.
C. The short-range part of the intermolecular interaction
In the early models of the intermolecular potential in C 60 solids 2,5,6 the SRI was represented by carbon-carbon LJ 12-6 interactions. This was an over-simplification, since it ignored the repulsion between charges on intercarbon bonds. Michel et al. have proposed to introduce additional interaction centers on 5-6 and 6-6 bonds in order to reach an agreement with the experiment on the values of the crystal-field coefficients.
9-11 However, as will be shown in Sec. IV, the performance of the orientational part of the potential with regard to the details of the low-temperature structure was still not satisfactory. At the same time, the Gordon-Kim approach attempted by La Rocca 15 and Yildirim 16 had not shown much of an improvement in this regard either. These results have persuaded us to search for the reliable intermediate approach to modeling SRI so as to avoid having to implement a full-scale LDA or to use the overly simplistic recipes of early models. In this paper we have developed a model where SRI comes from the LJ 12-6 interactions between the interaction centers densities, delocalized over the surface of the carbon cage, not necessarily exclusively over intercarbon bonds. Then, the interaction centers multipole density functions l i (r) can be expressed as
where l i is the lth multipole of the interaction centers distribution over the surface of the molecule and R 0 is the molecular radius. Then, as in Eq. ͑5͒, SRI for the two molecules becomes 
This expression for P n (d) can be computed using the two-center expansion for nϾ1 ͑see Appendix B for the details and the definition of the function a l 1 l 2 l n ): 
C͓͑l 1 ,0͒͑l 2 ,0͒͑l ͔͒C͓͑l 1 ,m 1 ͒͑l 2 ,m 2 ͒͑l͔͒
͑26͒
In this formula the values of , ⑀, and l i for lϭ6,10, . . . serve as adjustable parameters ͑the value of 0 i , reflecting the total ''number'' of the interaction centers, is taken to be 60/ͱ4, as in all earlier models͒. Below, as before, we consider only the contributions from lϭ0, 6, 10, 12 . Thus, our model includes five parameters which we determined by fitting to the experimental values of the lattice constant, bulk modulus, cohesive energy as well as the energy difference and the energy barrier between the global minimum and closest to it local minimum orientational configurations. Since the experimental results for the values of the bulk modulus and the energy barrier differ significantly for different experiments, we have taken as our fitting values the numbers that are somewhere in between the maximum and minimum reported values, e.g., Bϭ13 GPa for the bulk modulus and E bar ϭ250 meV for the energy barrier. The fitting values as well as obtained parameters , ⑀, and l are presented in Table IV . There we have also included for a comparison the values of the corresponding parameters for the LJ part of the LLM model. As one can see, the distribution of the LJ interaction centers over the surface of C 60 molecule for our model is quite different from the carbon atoms distribution. The visualization of the resulting distribution of shortrange interaction centers is presented in Fig. 4͑a͒ -there the distance from a given point on the depicted surface to the spherical surface of certain radius is equal to the interaction centers density at this point, e.g., the ''hills'' and ''spikes'' correspond to the local maxima of the interaction centers density, while ''pits'' represent its minima. Figure 4͑b͒ represents ͑in arbitrary units͒ the density of the interaction centers along the cut through the centers of two pentagonal faces and the center of one of the 6-6 bonds ( p, a, d, s, and h correspond to the centers of the pentagons, atomic sites, centers of the 6-6, 6-5, and hexagons, respectively͒-it is relatively high for both atomic sites and 6-6 bonds. At the same time, 5-6 bonds correspond to slightly smaller densities, while the centers of pentagonal and hexagonal faces are real ''voids,'' with the centers of the hexagonal faces being slightly ''deeper.'' All this gives us some early insights into possible mutual orientations of two molecules that would minimize their short-range interaction-it should be either atomic site or double bond on one molecule versus the center of the hexagon on the other. As we will show in the next section, those mutual orientations indeed minimize the total interaction energy of two molecules in our model.
The intermolecular potential, constructed as described above, is analyzed in the next section. However, one comment is due here: at this stage we have fitted to 250 meV the value of the potential barrier that the molecule in the Pa3 phase has to overcome to change its orientation from 22°to 82°by rotating around its local threefold axis, while its nearest neighbors are kept at 22°orientations. In Appendix A we show that this value indeed corresponds to the lowest possible barrier between the two orientations.
IV. PROPERTIES OF THE PROPOSED MODEL
In this section we analyze the various predictions of the proposed model. In particular, we present the predictions about the most favorable mutual orientations of two interacting molecules together with the mean-field stability analysis of the high-temperature phase. In addition, as a test for our model we compute the dispersion curves for the libron excitations in the Pa3 phase as well as the local orientational order parameters, describing the behavior of molecules in the high-temperature phase. These predictions are compared with the experimental data as well as with similar computations for two of the most frequently used previous models of the interaction potential. In spite of the existence of quite a few models of the intermolecular interaction, the question of the most favored mutual orientation of two C 60 molecules has not been investigated in detail. David et al. 22 have suggested that the observed symmetry of the low-temperature phase of C 60 crystals is a reflection of the following property of the intermolecular potential-for two C 60 molecules the interaction energy is at minimum when the 6-6 bond of one molecule faces the center of the pentagon on the other one. This way, the arrangement of molecules in the low-temperature phase is suggested to optimize all nearest-neighbor interactions without frustration. To verify this assumption, we used our potential to compute the interaction energies for the different mutual orientations of two fullerene molecules. For our analysis we have chosen the orientations, for which the high-symmetry elements of both molecules ͑center of 6-6 or 6-5 bond or center of hexagonal or pentagonal face or atomic site͒ lie on the line connecting the molecular centers of gravity. This arrangement, of course, still leaves the choice of the relative angle of rotation, of the molecules around the line connecting their centers. For each of the pairs of symmetry elements we have chosen the angle to minimize the interaction energy. The results ͑in meV͒ are summarized in Table  V: to make it easier to compare different mutual orientations, we have subtracted from each number there the orientationindependent contribution.
The numbers in Table V lead to an interesting conclusion-the interaction energy for the pair of molecules is minimized when the atomic site of one molecule faces the center of the hexagonal face of the neighboring molecule. This result is not at all surprising-the atomic sites, as well as 6-6 and 6-5 bonds are the places with the maximum of both the Coulomb charge and the LJ interaction centers concentration on the surface of the molecule, while the hexagonal or pentagonal faces play the role of voids. At the same time, in the crystal the ordering motive is quite different: at room temperature the molecules rotate so fast that the influence of the orientation-dependent part of the intermolecular potential on the translational ordering of molecules can be safely ignored and therefore, the crystal follows the closed -FIG. 4 . The distribution of the short-range interaction centers on the surface of C 60 molecule. The distance from a given point on the depicted surface ͑a͒ to the surface of a sphere of certain radius is equal to the interaction centers density at this point. The cut through the centers of the pentagonal faces and the center of the 6-6 bond ͑b͒ allows one to see a clear difference between the interaction centers density near atomic sites, 6-6 and 6-5 bonds on the one hand and near the centers of hexagons and pentagons, on the other. The symbols p, a, d, s, and h represent the centers of the pentagons, atomic sites, centers of the 6-6, 6-5, and hexagons, respectively. packing scenario to adopt an fcc structure. As the temperature is lowered, the orientation-dependent part of the interaction becomes more and more important. However, the molecules find themselves in an awkward situation, when minimizing pair interaction energy with some of the nearest neighbors is penalized through pair interactions with the rest of the neighbors. In view of this frustration the crystal adopts the Pa3 spatial structure. In Fig. 5 we have plotted the variation of the computed Coulomb, short-range, and total intermolecular interaction energy in the Pa3 phase as a function of the setting angle. We find that the total intermolecular interaction potential, obtained by combining the microscopic Coulomb and the proposed empirical short-range interactions, has a global minimum at the setting angle of 23.5°, in agreement with the experimental findings. Figure 6 shows what our model predicts for the potential energy of the molecule in the Pa3 structure as the function of the rotation angle around its local threefold axis, when the neighboring molecules are kept in their ''global minimum'' orientations with the setting angles of 23.5°. The local minimum, closest in energy to the global one, corresponds to Ϸ60°. As we will show, the Pa3 spatial structure is indeed the best compromise between the ''preset'' fcc translational order and the orientational part of the pair intermolecular potential. To investigate this point, we have performed the stability analysis of the high-temperature phase using the meanfield approach. The detailed description of the procedure is outlined by Heid, 45 therefore in this paper we will limit ourselves to a brief restatement of the major theoretical steps along with the results of the computations using our model.
First of all, in order to simplify the group-theoretical analysis of the instabilities in the potential, one re-expresses the interaction between the molecules in terms of molecular rotator functions, 35 representing both the molecular symmetry and the symmetry of cubic lattice:
where labels the basis functions for the irreducible representations of the O h group and is a vector of three Euler angles. The coefficients c m 1 l are tabulated by Bradley and Cracknell. 46 The functions U l () form an orthogonal set:
Then the interaction between molecules i and j can be written as
Within the mean-field approach the orientational potential energy of the molecule on site i is given by the expression: l 1 ϭl 2 ϭ0 in the first line and l 1 ϭ0 in the second line, while the double primed summation is carried out over nonzero values of both indices l 1 and l 2 . Here the contribution from the crystal field is shown explicitly, and the index ϭ(1) stands for the th A 1g irreducible representation of the O h group ͑for lϭ6,10 there is only ϭ1, while for lϭ12 there are two irreducible representations with A 1g symmetry, labeled as ϭ1 and ϭ2).
For a given temperature this set of equations has many solutions with different symmetry properties. The solution that minimizes the free energy at high temperatures has full cubic symmetry, that is ͗U l j ͘ϭ(␥ l / l )␦ ,(1) , where l are defined in Eq. ͑9͒. The mean-field orientational potential for any molecule in the crystal becomes
This equation together with
form the set of nonlinear equations for ␥ l 1 1 as a function of ␤ϭ1/(k B T). For Tϭ300 K one can simplify the problem by expanding the exponent. For our potential this results in a rapidly converging series. That is, keeping terms, containing ␤ 2 changes the solutions for ␥ l 1 1 only by few percent compared to the ones resulting from keeping terms linear in ␤.
For our calculations we have used the value aϭ14.16 Å, as the fcc lattice constant for room temperature. 36 Our results are summarized in Table VI . In order to compare our predictions with those from other models, we have also included in this table the values of the orientational order parameters for the same temperature and lattice constant, predicted by the LLM model 5 and the models of Michel and co-workers. [9] [10] [11] For the former model we have computed the crystal-field values v l and have used the high-temperature expansion 9 to get the values of ␥ l . The latter model included 210 centers on the atomic sites as well as 6-5 and 6-6 bonds of each molecule, interacting via Lennard-Jones 12-6 potential. In the later papers 10, 11 to improve the agreement with the experiment, the 12 part was replaced by the Born-Mayer repulsive potential and the 6 part was limited to include the attraction only between the atomic site centers. In both papers at least nine Born-Mayer and/or Lennard-Jones parameters were chosen in such a way that the predicted values of the crystal field coefficients would be as close to the experimental ones as possible-compared to five adjustable parameters of our model. We have again employed the high-temperature expansion to convert the crystal-field coefficients w l 11 has a better value of ␥ 6 , their value for ␥ 10 is too high. At the same time, the orientational order-parameter values from the model of Lu et al. are in the qualitative disagreement with the experiment: the sign of ␥ 6 is of crucial importance for the shape of the mean-field orientational potential. 10, 11 The most likely low-temperature structures within the mean-field approach can be identified by looking at the eigenvalue spectrum of the orientational susceptibility matrix, obtained by keeping the quadratic terms with respect to the orientational order parameters in the Landau expansion of the free energy. Here we adopt an equivalent approach, 45 based on the analysis of the eigenvalue spectrum of
where 
͑37͒
͑39͒
The lowest-energy part of the resulting eigenvalue spectrum of W 1 2 l 1 l 2 (q) is shown in Fig. 7 . As we see, our model predicts that the strongest instability in the intermolecular potential occurs at the X point of the reciprocal lattice and corresponds to the Pa3 space group. This result remained unchanged when we varied the value of the lattice constant, used in the calculation-however, the actual energy eigenvalues strongly depend on this parameter-for example, for a slightly different lattice constant aϭ14.18 Å, we obtained E(X 5 ϩ )ϭ21.6 meV. The closest competing instability ͑also occurring at the X point͒ corresponds to the tetragonal P4 2 /mnm space group. This instability may be responsible for the recently observed noncubic peaks in the diffuse x-ray and quasielastic neutron-scattering patterns of C 60 single crystals in the high-temperature phase. [47] [48] [49] A corresponding analysis for the potentials similar to the LLM model was performed by Heid. 45 He showed that the sequence of phase transitions associated with these potentials does not correspond to the one observed in experiments. In particular, unobserved intermediate phases are predicted. At the same time, to the best of our knowledge, there were no reports on the stability analysis of the models proposed by Michel and Lamoen, and this prevents us from making a direct comparison with their model.
Another important test for the interaction potential is to compare the computed frequencies of the libron excitations with the experimental ones. Figure 8 presents the libron dispersion curves for our model as well as the models of LLM and Michel and Lamoen along the high-symmetry lines in the first Brillouin zone. The extensive symmetry analysis of the libron modes in C 60 crystals was performed by Yildirim and Harris. 50 In the present paper we are following the same notation for the symmetry points in the reciprocal lattice and for the symmetry labels of the modes (E g ,T g ,A g ). Also, we have added the factor ͱ2 that was missing 39 in the libron energies, reported in Refs. 50 and 51. Comparing the computed dispersion curves with the experimental results, [37] [38] [39] [40] [41] one can see that our model reproduces some, but not all, of the observed features of the spectrum. In particular, the computed frequency of the A g mode at the G point is in very good agreement with the experimental value ͓ exp ϭ3.04 meV ͑Ref. 39͔͒. Note that the A g mode corresponds to varying the setting angle in the Pa3 phase. The fact that our theory correctly reproduces the frequency of this mode suggests that the barrier of rotation around the ͓1,1,1͔ axis is correctly represented by our potential. However, our calculation predicts that the lowest-frequency librons at the G point have T g symmetry, whereas the experimental interpretation attributes E g symmetry to these modes. We have investigated a range of parameters for our model but are unable to remove this disagreement. Furthermore, the model of Lamoen and Michel, 10,11 which captures some features of the potential correctly, gives the same prediction as ours for the symmetry of the lowest-energy modes. Of course, one has to keep in mind that our calculation of the libron modes does not allowfor any orientational disorder, which is observed in C 60 crystals even at very low temperatures. An additional investigation is necessary in order to determine whether the presence of orientational disorder can account for the discrepancy between theory and experiment mentioned above.
Before concluding, we would like to point out that the phenomenological model of Lamoen and Michel, constructed to obtain reasonable values of the orientational order parameters in the high-temperature phase, does not give correct predictions as far as the low-temperature phase is concerned. As an illustration, in Fig. 9 we show the potential energy of a molecule in the Pa3 phase computed for this model when the molecule is rotated around its local threefold axes. The lattice constant for this calculation was taken to be equal to the experimental value of 14.04 Å rather than the unrealistic value of 14.68 Å predicted by this model. We would like to point out that, while this value could be corrected by adding the appropriate orientationally independent contribution to the potential, such a modification will not change the deficiencies in the orientational behavior of this model, namely that both the relative energies of two minima as well as the value of the barrier between them is in signifi- cant disagreement with the experimental values shown in Table I .
V. CONCLUSION
We have constructed a model of the interaction potential for C 60 molecules which agrees with the quantum-chemical calculations of the C 60 molecular charge densities and the details of the crystal structure at low temperatures. We may summarize our work as follows.
͑1͒ The earlier models of the interaction potential do not properly describe the Coulomb interaction between the C 60 molecules. The major reason for this lies in the ad hoc character of the ''bond charges,'' inconsistent with the microscopic molecular charge distribution. In addition, we have determined that the Coulomb interaction between the neighboring C 60 molecules at the separations typical for solids does not reduce to the multipole-multipole coupling and that the proper treatment of the charge overlaps between the molecules is necessary.
͑2͒ The short-range part of the interaction is best modeled by the 12-6 Lennard-Jones interactions between the interaction centers distributed over the surfaces of the molecules. The proper choice of the fitting parameters have yielded the potential with the best overall behavior with respect to the experimental results for both high-and low-temperature phases.
͑3͒ The proposed interaction potential favors the ''atomic site versus hexagon'' mutual orientation of the two interacting molecules, contrary to the argument in Ref. 22 . In the crystal, however, it is impossible to optimize the interactions between all the nearest-neighbor pairs in this way. In the resulting frustration, the Pa3 space structure was found to be the best candidate for the low-temperature phase. ͑4͒ The present model shows that stabilization of the Pa3 phase at low temperatures is accompanied by a close competition with other phases. This prediction may be related to the recently observed noncubic peaks in the diffuse x-ray and neutron-scattering patterns taken at temperatures close to the orientational ordering transition. [47] [48] [49] ͑5͒ We report the microscopic values of the molecular multipole density functions l (r) to make them available for the future research. The results obtained in this work can be used in the theoretical studies of orientational ordering of C 60 monolayers 52 as well as orientational ordering in the crystals comprised of C 60 derivatives. 53, 54 
